Necroptosis is a form of programmed cell death that critically depends on RIP3 and MLKL. However, the contribution of mitochondria to necroptosis is still poorly understood. In the present study, we discovered that mitochondrial perturbations play a critical role in Smac mimetic/Dexamethasone (Dexa)-induced necroptosis independently of death receptor ligands. We demonstrate that the Smac mimetic BV6 and Dexa cooperate to trigger necroptotic cell death in acute lymphoblastic leukemia (ALL) cells that are deficient in caspase activation due to absent caspase-8 expression or pharmacological inhibition by the caspase inhibitor zVAD.fmk, since genetic silencing or pharmacological inhibition of RIP3 or MLKL significantly rescue BV6/Dexainduced necroptosis. In addition, RIP3 or MLKL knockout mouse embryonic fibroblasts (MEFs) are protected from BV6/Dexa/zVAD. fmk-induced cell death. In contrast, antagonistic antibodies against the death receptor ligands TNFα, TRAIL or CD95 ligand fail to rescue BV6/Dexa-triggered cell death. Kinetic studies revealed that prior to cell death BV6/Dexa treatment causes hyperpolarization of the mitochondrial membrane potential (MMP) followed by loss of MMP, reactive oxygen species (ROS) production, Bak activation and disruption of mitochondrial respiration. Importantly, knockdown of Bak significantly reduces BV6/Dexa-induced loss of MMP and delays cell death, but not ROS production, whereas ROS scavengers attenuate Bak activation, indicating that ROS production occurs upstream of BV6/Dexa-mediated Bak activation. Consistently, BV6/Dexa treatment causes oxidative thiol modifications of Bak protein. Intriguingly, knockdown or knockout of RIP3 or MLKL protect ALL cells or MEFs from BV6/Dexainduced ROS production, Bak activation, drop of MMP and disruption of mitochondrial respiration, demonstrating that these mitochondrial events depend on RIP3 and MLKL. Thus, mitochondria might serve as an amplification step in BV6/Dexa-induced necroptosis. These findings provide new insights into the role of mitochondrial dysfunctions during necroptosis and have important implications for the development of novel treatment approaches to overcome apoptosis resistance in ALL.
Apoptosis is one of the best characterized forms of regulated cell death which is typically characterized by the activation of caspases as cell death effector molecules. 1 Besides apoptosis, necroptosis has recently been identified as another form of programmed cell death, which involves the activation of the serine/threonine kinases Receptor-Interacting Protein (RIP)1 and RIP3 and the pseudokinase mixed lineage kinase domain-like (MLKL) as key signaling molecules. [2] [3] [4] [5] [6] [7] Tumor necrosis factor-α (TNFα)-mediated necroptosis represents a prototypic signaling pathway to necroptotic cell death that leads to the formation of a RIP1-RIP3-containing protein complex, referred to as the necrosome. 8 Necrosome formation
activates MLKL by RIP3-mediated phosphorylation, which induces MLKL oligomerization and its translocation to lipid membranes including the plasma membrane, where MLKL disrupts membrane integrity by pore formation leading to necroptotic cell death. 9, 10 Caspase-8-mediated cleavage of RIP1 inhibits necroptosis, 11 implying that inhibition of caspase-8 facilitates the induction of necroptosis. Although mitochondria have been implicated in necroptosis in a number of cellular systems, there is also evidence showing that mitochondria may be dispensable, 12, 13 suggesting that mitochondrial contribution to necroptosis may depend on the context.
Antiapoptotic proteins like Inhibitor of Apoptosis (IAP)
proteins block programmed cell death.
14 X-linked IAP (XIAP) inhibits apoptosis predominately by blocking caspase activation, whereas cellular IAP (cIAP) 1 and cIAP2 proteins that harbor a really interesting new gene (RING) domain with E3 ubiquitin ligase activity promote K63-linked polyubiquitination of RIP1, leading to nuclear factor kappaB (NF-κB) activation and inhibition of cell death signaling.
14 IAP proteins are expressed at aberrantly high levels in various cancers, which has been associated with poor outcome and treatment resistance.
14 Treatment failure in relapsed or high-risk ALL, the most common pediatric malignancy, is associated with an unfavorable prognosis for long-term survival 15, 16 and is often due to impaired cell death pathways in ALL cells, as the antileukemic activity of cytotoxic therapies critically depends on the ability of ALL cells to undergo programmed cell death. 17, 18 To antagonize IAP proteins, small-molecule inhibitors such as Smac mimetics have been developed in recent years that neutralize XIAP and trigger autoubiquitination and proteasomal degradation of cIAP proteins. 19 This leads to activation of non-canonical NF-κB signaling, upregulation of NF-κB target genes such TNFα and TNFα-mediated cell death in the presence of Smac mimetics. [20] [21] [22] When caspase-8 activity is inhibited, Smac mimetic-stimulated depletion of cIAP protein promotes the formation of the necrosome complex. 8 We previously reported that the Smac mimetic BV6 sensitizes ALL cells in vitro and in vivo for glucocorticoidinduced apoptosis. 23 However, it is currently unknown whether the antileukemic activity of this Smac mimetic/glucocorticoid combination treatment is limited by defects in apoptosis pathways. In the present study, we therefore investigated the question as to whether or not BV6/Dexa cotreatment can engage non-apoptotic cell death in apoptosis-resistant ALL cells and, if so, which molecular mechanisms are involved.
Results
BV6/Dexa cotreatment induces non-apoptotic cell death in apoptosis-resistant ALL cells. We previously reported that Smac mimetics synergize with glucocorticoids to induce apoptosis in preclinical in vitro and in vivo models of ALL. 23 To investigate whether this combination treatment can trigger non-apoptotic cell death in apoptosis-resistant ALL cells, we tested the effects of the Smac mimetic BV6 in combination with Dexa in the presence and absence of the broad-range caspase inhibitor zVAD.fmk. Of note, the addition of zVAD. fmk failed to protect three of the four tested ALL cell lines (i.e., Tanoue, Jurkat, KOPN-8;11) from cell death by BV6/Dexa cotreatment, whereas zVAD.fmk significantly reduced BV6/Dexa-induced cell death in Reh cells (Figure 1a) . Interestingly, the analysis of key components of necroptosis and apoptosis signaling revealed RIP3 and MLKL expression in those three cell lines (i.e., Tanoue, Jurkat and KOPN-8;11) that underwent non-apoptotic cell death upon treatment with BV6/Dexa in the presence of zVAD.fmk, whereas Reh cells that were resistant to BV6/Dexa/zVAD.fmk-induced cell death lack RIP3 protein expression ( Figure 1b, compare Figure 1a) . Also, we discovered that Tanoue cells constitutively lack protein expression of caspase-8 (Figure 1b) , and BV6/Dexa treatment did not increase caspase-8 expression in these cells (Supplementary Figure 1A) .
To assess apoptotic and non-apoptotic cell death, we simultaneously monitored phosphatidylserine exposure on the plasma membrane by Annexin-V in parallel with propidium iodide (PI)-staining. In Tanoue cells, BV6/Dexa predominately caused a significant increase in Annexin-V/PI double-positive cells even in the absence of zVAD.fmk (Figure 1c ), indicating that this combination triggers non-apoptotic cell death in the absence of zVAD.fmk, which is consistent with lack of caspase-8 expression in Tanoue cells (Figure 1b) . Treatment with the histone deacetylase (HDAC) inhibitor JNJ-26485815 was used as positive control for apoptotic cell death (Figure 1c) . In Jurkat cells, the addition of zVAD.fmk to BV6/ Dexa-treated cells enhanced the percentage of Annexin-V/PI double-positive cells in parallel with a reduction in Annexin-V single-positive cells (Figure 1c) . This points to a switch from apoptotic to necroptotic cell death in the presence of zVAD. Figure 1B) ; stimulation with TNFα and BV6 served as a positive control. Further, we analyzed DNA fragmentation as another typical feature of apoptotic cell death. BV6/Dexa cotreatment caused only a minor increase in DNA fragmentation in the absence of zVAD.fmk in Tanoue cells (Figure 1d, Supplementary Figure 1C) , emphasizing that these cells undergo non-apoptotic cell death in the absence of zVAD.fmk, whereas zVAD.fmk abolished BV6/Dexa-induced DNA fragmentation in Jurkat cells (Figure 1d, Supplementary  Figure 1D) .
Altogether, this set of experiments demonstrates that BV6/Dexa cotreatment induces non-apoptotic cell death when caspases are inhibited (i.e., owing to the absence of caspase-8 expression or zVAD.fmk). We selected caspase-8-deficient
Tanoue cells as a genetic model and zVAD.fmk-treated Jurkat cells as a pharmacological model for subsequent studies to investigate the molecular mechanisms of BV6/Dexa-induced non-apoptotic cell death.
BV6/Dexa-induced cell death upon caspase inhibition depends on RIP3 and MLKL. Caspase inhibition has previously been reported to cause a switch from apoptotic to necroptotic cell death. As the RIP1/RIP3 necrosome complex represents a central signaling platform in necroptosis, we examined whether BV6/Dexa combination treatment induces the assembly of the necrosome upon caspase inhibition. Indeed, we found an increased interaction of RIP1 and RIP3 upon BV6/Dexa cotreatment (Figure 2a) , whereas BV6 or Dexa alone were unable to trigger necrosome formation (Supplementary Figure 2A) . To
Tanoue Jurkat death receptors and their ligands has been implicated in Smac mimetic-induced necroptosis, 24 we investigated the requirement of death receptor ligands by using antagonistic antibodies to prevent ligand-receptor interaction. However, the TNFα-blocking antibody Enbrel failed to protect cells from BV6/ Dexa-induced cell death, whereas Enbrel inhibited TNFα⧸ BV6-induced cell death that was used as positive control (Supplementary Figures 3A and B) . Similarly, tumor-necrosisfactor-related apoptosis-inducing ligand (TRAIL)-or CD95 ligand-blocking antibodies did not rescue cells from BV6/ Dexa-induced necroptosis, although they blocked TRAIL-or CD95 ligand-mediated cell death (Supplementary Figures  3C-F ). These results demonstrate that BV6/Dexa-induced necroptosis occurs independently of death receptor ligands.
BV6/Dexa cotreatment stimulates mitochondrial perturbations prior to cell death. Since we found death receptor ligands to be dispensable, we then asked whether mitochondrial events contribute to BV6/Dexa-induced necroptosis. To address this question, we monitored in parallel the kinetics of cell death and changes in mitochondrial functions. Interestingly, well before the onset of cell death that started around 8-12 h (Figure 3a) , BV6/Dexa treatment significantly increased the percentage of cells with hyperpolarization of the MMP at very early time points up to 3 h (Figure 3b ), followed by a significant loss of MMP (Figure 3c ). Also, we observed a significant increase in ROS production in viable cells before they succumb to cell death using the fluorescent dye CellROX, which primarily detects superoxide radicals (Figure 3d) . Similar results were obtained using MitoSOX, a fluorescent probe that selectively detects mitochondrial superoxide 25 ( Figure 3e ). Furthermore, BV6/Dexa treatment profoundly suppressed mitochondrial respiration in viable cells that neither responded to the complex V inhibitor oligomycin thereby indicating the percentage of oxygen consumption that is utilized for ATP production nor to the uncoupler FCCP that reveals the maximal respiratory capacity of cells (Figure 3f) . Altogether, this set of experiments shows that BV6/Dexa treatment perturbs mitochondrial functions during necroptosis prior to the occurrence of cell death. 26 we next investigated whether they are activated during BV6/Dexa-induced necroptosis. As Tanoue and Jurkat cells express no or only small amounts of Bax (Supplementary Figure 4A) , we focused our studies on Bak. Interestingly, we found that Dexa and BV6 acted together to stimulate Bak activation in both ALL cell lines (Figure 4a ). Figure 4B) . To test the functional relevance of Bak, we silenced it using two independent siRNA sequences. Importantly, Bak knockdown significantly reduced BV6/Dexa-mediated necroptosis in a timedependent manner, which was lost upon prolonged treatment (Figures 4b and c, Supplementary Figure 4C) . Also, Bak silencing significantly decreased BV6/Dexa-stimulated loss of MMP (Figure 4d ), whereas it did not protect from ROS production (Figure 4e ). To investigate whether Bak dependency is specific for ALL we extended our study to additional cancer cell types. Bak knockdown significantly reduced BV6/Dexa-mediated cell death also in acute myeloid leukemia and colon carcinoma cells ( Supplementary  Figures 4D and E) . These findings show that Bak contributes to the kinetics of BV6/Dexa-induced loss of MMP and necroptotic cell death.
ROS production is required for BV6/Dexa-induced Bak activation, loss of MMP and cell death. Our findings showing that BV6/Dexa-induced ROS production is not altered in Bak knockdown cells (Figure 4e ) indicate that Bak is dispensable for ROS production. To investigate whether ROS production is required for Bak activation, we monitored Bak activation in the presence of ROS scavengers using MnTBAP, a cell-permeable superoxide dismutase (SOD) mimetic and peroxynitrite scavenger, 27 or α-Tocopherol, a vitamin E derivative. Interestingly, the addition of MnTBAP or α-Tocopherol, which both significantly decreased ROS production (Supplementary Figure 5A) , attenuated BV6/ Dexa-stimulated Bak activation (Figure 5a ). This indicates that Bak activation upon BV6/Dexa treatment occurs in a ROS-dependent manner. Therefore, we next asked whether Bak undergoes oxidative modifications in response to BV6/ Dexa treatment. To address this question, we monitored oxidative thiol modifications of Bak protein using the BIAM switch assay. Intriguingly, BV6/Dexa cotreatment caused a substantial increase in oxidized Bak compared to untreated control cells (Figure 5b ). Treatment with auranofin, an inhibitor of thioredoxin reductase, was used as a positive control for oxidative stress-stimulated thiol modifications (Figure 5b ). Peroxiredoxin 3 (Prx3) as a marker for elevated ROS production exhibited increased levels of thiol oxidation upon both treatments (Figure 5b ). In addition to attenuate Bak activation, MnTBAP or α-Tocopherol significantly reduced BV6/Dexa-induced loss of MMP and cell death (Figures 5c   and d ). This set of experiments indicates that ROS production is required for Bak activation, loss of MMP and cell death during BV6/Dexa-induced necroptosis.
RIP3 and MLKL are required for Bak activation and mitochondrial perturbations during BV6/Dexa-induced necroptosis. We next investigated whether mitochondrial events during BV6/Dexa-induced necroptosis are linked to the core necroptotic signaling machinery such as RIP3 and MLKL. Importantly, knockdown of RIP3 or MLKL prevented BV6/Dexa-stimulated Bak activation in apoptosis-resistant ALL cells (Figure 6a) . Similarly, RIP3 or MLKL deficiency inhibited Bax activation upon BV6/Dexa treatment in MEFs (Figure 6b ). Also, knockdown or deletion of RIP3 or MLKL protected ALL cells and MEFs from BV6/Dexa-triggered loss of MMP, ROS production and impairment of mitochondrial respiration (Figures 6c-h, Supplementary Figure 6 ). In summary, these results demonstrate that RIP3 and MLKL are required for Bak activation and mitochondrial perturbations during BV6/Dexa-induced necroptosis.
Discussion
As necroptosis has only recently been identified as a form of programmed cell death, the underlying signaling pathways have not yet fully been understood. In the present study, we discovered that independently of death receptor ligand signaling, mitochondrial perturbations have a critical role in a model of necroptosis induced by cotreatment with the Smac mimetic BV6 and the glucocorticoid Dexa, a combination that has not yet been described before to induce necroptosis. We established that BV6/Dexa triggers necroptotic cell death, when caspase activation is blocked either due to lack of caspase-8 expression or due to pharmacological inhibition by zVAD.fmk, as genetic silencing or pharmacological inhibition of RIP3 or MLKL protect ALL cells from BV6/Dexa-induced necroptosis. The general relevance of this necroptotic model is underscored by the fact that BV6/Dexa/zVAD.fmk-triggered necroptosis is similarly impaired in RIP3 or MLKL knockout MEFs.
Mitochondria amplify BV6/Dexa-induced necroptosis. Several lines of experimental evidence emphasize the important role of mitochondrial dysfunctions during BV6/ Dexa-induced necroptosis independently of signaling via death receptor ligands. First, our kinetic studies revealed that well before cells undergo cell death BV6/Dexa treatment causes mitochondrial dysfunctions including hyper- polarization of the MMP followed by loss of MMP, ROS production, Bak activation and disruption of mitochondrial respiration, indicating that these mitochondrial events contribute to the induction of necroptotic cell death.
Second, we identified Bak as a key regulator that is activated during BV6/Dexa-induced necroptosis and required for the kinetics of necroptotic cell death, as knockdown of Bak significantly delays the kinetics of BV6/Dexa-induced cell death. Bak activation likely occurs downstream of ROS production, as ROS scavengers attenuate BV6/Dexa-stimulated Bak activation, whereas Bak silencing fails to protect cells from BV6/Dexa-stimulated ROS production. In addition, we identified oxidative thiol modifications of Bak protein upon treatment with BV6/Dexa, emphasizing that ROS production Fourth, all these mitochondrial alterations occur in a RIP3-and MLKL-dependent manner, since genetic knockdown of RIP3 or MLKL in ALL cells or knockout of RIP3 or MLKL in MEFs reduce BV6/Dexa-mediated ROS production, Bak activation, loss of MMP and disruption of mitochondrial respiration.
Fifth, mitochondrial perturbations occur independently of death receptor ligand signaling, since antagonistic antibodies against the death receptor ligands TNFα, TRAIL or CD95 ligand fail to rescue BV6/Dexa-triggered cell death. Altogether, these lines of evidence indicate that mitochondrial alterations are linked to the core necroptotic signaling components RIP3 and MLKL during BV6/Dexa-induced necroptosis and may serve as an amplification step.
Bak as a critical regulator of BV6/Dexa-induced necroptosis. Although pro-death proteins of the Bcl-2 family such as Bax and Bak are well known to regulate the mitochondrial pathway of apoptosis, 26 their role during necroptosis is as yet poorly understood. Elimination of both Bax and Bak or, alternatively, Bak alone has been reported to protect cells from inflammation-induced necroptosis triggered by TNFα/ cycloheximide/zVAD.fmk. [28] [29] [30] By comparison, in the present study, we show that BV6/Dexa-induced necroptosis occurs independently of TNFα or other death receptor ligands, suggesting that the multidomain Bcl-2 family proteins Bax and Bak may have a general role in the regulation of necroptosis in response to different stimuli. During necrotic cell death, Bax and Bak as outer membrane components have been shown to promote mitochondrial swelling and rupture upon opening of the mitochondrial permeability transition pore (MPTP) by facilitating outer membrane permeability. 31 Opening of the MPTP, a channel in the inner mitochondrial membrane that is composed of cyclophilin D, ANT, VDAC, results in the dissipation of the MMP, disruption of mitochondrial respiration, further ROS production, and ultimately mitochondrial swelling and rupture. 32 Although in the present study we identified Bak as a key regulator of BV6/Dexa-induced necroptosis, Bax may have a role in other cell types, as the ALL cell lines that we used here harbor very low levels of Bax protein. For example, stable overexpression of an oligomerization-dead mutant form of Bax has been found to inhibit TNFα/zVAD.fmk-induced necroptosis in MEFs. 30 Also, other mitochondrial proteins such as cyclophilin D may be involved, as MEFs deficient in cyclophilin D have been shown to be resistant to TNFα-induced necroptosis. 2, 30 ROS contribute to necroptotic signaling and cell death. ROS generation has been implicated in contributing to necroptosis, although the source(s) and roles of ROS remain largely elusive. 12, 13 Our data suggest that ROS production during BV6/Dexa-induced necroptosis may occur, at least in part, in the mitochondria, as ROS production is detected by MitoSOX, a mitochondrial superoxide selective probe, and since ROS scavengers that can neutralize mitochondrial ROS provide protection from BV6/Dexa-induced cell death. Oxidative stress has been implicated in promoting dimerization of multidomain Bcl-2 proteins such as Bax and its translocation to mitochondria. 33 In line with the notion that ROS accumulation contributes to Bak activation, in the present study we identified thiol modifications of Bak protein at the onset of BV6/Dexa-mediated necroptosis and show that Bak activation occurs in a ROS-dependent manner. Furthermore, excessive ROS generation has been implied in facilitating the opening of the MPTP, which results in the dissipation of MMP and, ultimately, in the disruption of mitochondrial functions. 32 Consistently, we show in the present study that ROS scavengers rescue cells from BV6/ Dexa-induced drop of MMP. We previously demonstrated that ROS promote the stabilization of the RIP1/RIP3 necrosome during BV6/TNFα-induced necroptosis, thereby initiating a positive-feedback amplification loop. 34 The requirement of ROS generation for necroptotic cell death has also been demonstrated in other prototypic models of necroptosis, that is, TNFα-mediated necroptosis in L929 cells or monocytes. 35, 36 Although these studies underline that ROS contribute to necroptosis induced by various stimuli, other studies have argued that mitochondrial ROS are dispensable for necroptotic cell death. For example, it has been reported that Parkininduced mitochondrial depletion prevents TNFα-induced ROS production, but not necroptotic cell death. 37 Altogether, these data suggest that the requirement of ROS and mitochondria for necroptosis may depend on the cellular context.
Mitochondrial dysfunctions occurred downstream of RIP3 and MLKL. Our study indicates that mitochondrial dysfunctions may serve as an amplification step during BV6/ Dexa-mediated necroptosis that is linked to the core necroptotic signaling machinery, as BV6/Dexa-stimulated ROS production, Bak activation, loss of MMP and disruption of mitochondrial respiration occurred in a RIP3-and MLKLdependent manner. ROS production during necroptosis has previously been reported to depend on RIP3 3, 4 and RIP3 has been shown to interact with glutamate dehydrogenase 1, a mitochondrial matrix enzyme. 4 Also, RIP1 and RIP3 were described to localize to mitochondria upon the induction of necroptosis 30, 38, 39 and the translocation of necrosomes to mitochondria-associated membranes has been suggested to be essential for necroptosis signaling. 40 Taken together, our findings advance the current understanding of the role of mitochondria in necroptosis by showing that mitochondrial events serve as an amplifying step. In addition, our study has important implications for the development of novel treatment approaches to overcome apoptosis resistance in ALL by inducing necroptosis. We recently discovered that the Smac mimetic BV6 sensitizes ALL cells in vitro and in vivo for glucocorticoid-triggered apoptosis. 23 Here we show that BV6/Dexa combination treatment induces necroptosis in ALL cell lines that express RIP3 protein. As the majority of cell lines derived from hematological malignancies including acute leukemia have been reported to harbor RIP3, 41 acute leukemia may well be susceptible to therapeutic induction of necroptosis. Thus, Smac mimetics and glucocorticoids may offer a new approach to trigger necroptosis as an alternative form of programmed cell death in ALL. 
